The use of maleic anhydride (MA) coupling agent in polypropylene (PP) matrix system is promising technique to enhance the fibre-matrix interface in composite applications. However, most of the previous studies are focused on either treatment of the natural fibres or the PP matrix with this coupling agent, which are not commercially viable. In this work, a cost-effective technique "hybrid yarns" was used to manufacture commingled reinforcing flax fibres and MA-grafted PP matrix fibres. Two types of twist-less flax/PP and flax/MAPP hybrid yarns were produced containing 40% flax and 60% matrix fibres by volume. Both PP and MAPP fibres were thermally and rheologically characterised using DSC, MFI, TGA, DTA and capillary rheometer. It is found that the composites manufactured from flax/MAPP blends exhibited 15% higher strength and 25% higher modulus compared to those made of flax/PP. This was due to the improved flax/matrix interface, the higher melt flow rate and lower share viscosity behaviour of the MAPP matrix fibres compared to the standard PP fibres used.
compared to the thermoset resin based natural fibre composites [1] .
The reinforcing efficiency of natural fibres depends on their compositions, fibre structures and the nature of matrix used. Due to the limitation on degradation temperature (started from 220˚C) of cellulosic fibres [2] [3] , the selection of thermoplastic matrixes is limited. Moreover, natural fibres contain 18% -20% hemi-cellulose and 5% -10% lignin, which start to decompose from 200˚C and 170˚C, respectively [2] . Therefore, only a few thermoplastic matrices with lower melting temperature (130˚C -170˚C) such as polylactic acid (PLA), co-polyester (co-PET), polypropylene (PP), polyethylene (PE), polyamide (PA), and polyhydroxy butyrate (PHB) are found to be compatible with natural fibres [4] . Among these matrices, PP is found to be the widely-used matrix due to low price, low density, moderate strength (ultimate tensile strength 30 -35 MPa) and stiffness (modulus 1.8 GPa) and good chemical resistant properties. However, the hydrophilic nature of the natural fibres, which is due to the existence of OH group on the surface, makes them incompatible with hydrophobic PP thermoplastics matrices [5] [6] and therefore, the better fibre-matrix interface was not achieved.
Therefore, fibre or matrix modification is necessary to improve their compatibility. Surface treatment or surface modification of natural fibres are common techniques that can be done by either treating the natural fibre by compatibilizer like acetylation [7] [8] [9] where surface OH groups are covalently bonded with acetyl groups (CH 3 CO) aiming to establish more intimate contact between fibre and PP matrix. However, this technique promotes interatomic fibre/matrix adhesion by weak van der Waals forces [9] [10] . Another option "grafting of compatibilizer into fibres" has been investigated [11] [12] [13] to create stronger bond between the fibre and PP matrix [10] [11] [12] [13] [14] . In those cases, fibres were treated with coupling agents like maleic anhydride (MA) and dried prior to composites manufacturing. In another work, bonding between the lignin-based fibres and the PP polymer were found to be weaker when a compatibilizer was not applied [11] [12] [13] . It was also reported that the anhydride groups of male ated coupling agents reacted with the PP thermoplastic matrices and also reacted with hydroxyl groups (OH) at the fibre surface to form intermolecular covalent and hydrogen bonds ( Figure 1 ) [14] [15] . Although, wet treatment with coupling agents is well-accepted approach to improve the natural fibre-matrix adhesion but they are wet processes and require additional drying step, therefore Journal of Textile Science and Technology such processes are expensive. Moreover, due to heterogeneous and inconsistent in the chemical structure of the natural fibres, the surface modification of natural fibres by the wet process is less controllable.
Recently, alternative cost-effective approach such as matrix modification has been strongly considered [16] instead of surface treatment of the fibres, where grafting of compatibilizer or coupling agents such as maleic anhydride (MA) were grafted onto thermoplastic matrix system to increase the fibre-matrix adhesion. It was found that the adhesion between the natural fibre and MA grafted PP matrix (MAPP) has been improved and a better fibre-matrix bonding has been achieved in the composites developed [17] . It is also reported [17] that the modified PP matrix system with small amount (1% -3%) of MA coupling agents can significantly enhance the fibre-matrix interface leading to better mechanical properties of natural fibres composites. Due to the lower surface energy of MAPP and the good wettability acquired, a good impregnation of the natural fibres could be achieved during hot compaction and consolidation. It is also reported [17] that MA coupling agents applied onto PP system provided stronger linkage in the natural fibre-matrix interface by reducing the surface tension. This mechanism is also established by many modern techniques such as soft X-ray Near Edge Absorption Fine Structure (NEXAFS), where the adhesion and the bonding at the interface regions of flax-MAPP matrix were investigated. It was found that the spectra of flax/MAPP interface have a prominent peak at 285.2 eV (C=C) and 286.6 eV (C=O) compared to flax/PP interface [17] , hence better impregnation and bonding of MAPP matrix with flax fibres were obtained. Therefore, there is a demand to adopt a new cost-saving technology for using of MA grafted PP fibres with untreated natural fibres to obtained better me-Journal of Textile Science and Technology chanical properties of composites. In previous work, flax/PP hybrid thermoplastic yarns and fabrics were treated by MA coupling agent [18] before hot-pressing but those were preliminary investigations and not economically feasible as they are wet processes, which require additional cost for drying after the treatment of the fabrics.
In this work, thermoplastic fibre/fabric (matrix) treatment before composite molding was avoided by using MAPP matrix fibres directly into the composite yarn system. New flax/matrix hybrid commingled yarns are produced using high melt-flow maleic anhydride grafted polypropylene matrix (MAPP) fibres. Composite panels made of flax/MAPP yarns were manufactured and their properties are compared with composites made from standard (untreated) flax/PP matrix. Various analytical techniques, such as DSC, MFI, TGA, DTA and rheometer were used to characterise PP, MAPP fibres and the natural composites produced.
Materials
The untreated flax fibre (Figure 2 (a)) was used as reinforcing fibre. The flax fibres were sourced from Procotex (Belgium). Two types of thermoplastic fibres were used as matrix ( Figure 2 (b)); standard grad polypropylene (PP) and maleic anhydride grafted polypropylene (MAPP). Both (PP and MAPP) fibres are commercially available and were sourced from Asota GmbH (Austria) and the % of active maleic anhydride (MA) in the PP system was undisclosed by the fibre manufacturer. For their comparison studies in composites performance, the same content of flax fibres (% volume) was reinforced into both matrices. The average length in mm and linear density in dtex of flax and polypropylene fibres are 90 ± 15, 7.0 and 90 ± 5, 3.3, respectively. Prior to composites fabrication, twist-less spun yarns of flax/PP fibres were produced (see Figure 2 (c)) using a conventional wrap spinning process to avoid fibre twist in yarns structure [19] .
Experimental Work

DSC and MFI Measurements of Matrix Fibres
The melting point and crystallinity of both PP and MAPP fibres were determined by differential scanning calorimetry (DSC). The melt flow index (MFI) of both matrix fibres was also measured according to ASTM D1238 standard and the tests were performed at 190˚C to avoid the thermal degradation.
Thermal Analysis of PP and MAPP Fibres
Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out on both PP and MAPP fibres in order to observe the thermal behaviour of the matrices. Samples of 5.0 ± 0.1 mg were taken from each specimen and an STD2606 (TA Instruments) thermal analyser was used under flowing air (100 ml/min) with a heating rate of 10˚C•min −1 .
Rheology of Matrix Fibres
Capillary rheometer (RH2000, Bohlin Instruments) was used to determine the Journal of Textile Science and Technology 
Tensile Properties of Matrices
The tensile properties of the PP and MAPP matrices were determined by testing PP and MAPP plaques in accordance with BS EN ISO 527-1:1996. The plaques were made with 100% PP and MAPP fibres by hot-press moulding at 185˚C for 5 minutes at 30 bar pressure.
Assessment of Flax/Matrix Fibre Blends
Optical cross-sections of the flax/matrix fibres were prepared to assess the blend quality and to do so samples of fibres/yarns (after removing wrapping filaments) were embedded into epoxy resin and cured. The cured specimens were polished, washed examined using optical microscope. The total number of flax and matrix fibres was counted in per unit area. Optical analytical technique was used to measure the flax fibre orientation in the blended samples and also the yarn waviness. Yarn's strength was also measured according to BS EN ISO 2062:2010 standard.
Composites Manufacturing
Two types of composite panels (yarn unidirectional and yarn woven fabric) were fabricated. For unidirectional (UD) yarn composites, the yarns were wound (12 layers) onto a steel frame 350 mm × 350 mm in 0˚/0˚ placement. For woven fabric panels, six plies of plain-weave fabrics (1 × 1 structure, areal weight: 420 ± 10 Journal of Textile Science and Technology g/m 2 ) in [0/90˚] 6 directions were used to manufacture composite panels of 2 mm nominal thickness. For consolidation process, a hot-press moulding technique at 185˚C and 50 bars pressure for 5 minutes dwell time was used in all cases. The details of composite samples include their density and porosity, manufactured in this work, are given in Table 1 .
Composites Testing
Density, fibre volume fraction and void content:
The composite experimental density (ρ c ) was measured via Equation (1) and in accordance with ASTM D792 Method A (zeroed pan immersion).
where, W air is the weight, in gms, of the specimen in air, W liquid is the weight, in gms, of the specimen in the immersion liquid and ρ liquid is the density (g/cm 3 ) of the immersion liquid. The composite (approximately 1.0 gm) specimens were dried for 24 h at 100˚C prior to the density measurement. The theoretical density was also calculated from the densities of fibres and matrices and their mass fractions using Equation (2) f
where, ρ f is flax fibre density (1. The fraction of voids remaining in the laminates after consolidation was determined as follows: Tensile and flexural properties.
Five test specimens, 250 mm × 25 mm, were cut from the composite panels produced for tensile measurements (BS EN ISO 527-1:1996), and a further 5 (60 mm × 15 mm; 40 mm span length) for flexural properties (ISO 14125), accordingly the tensile and flexural strengths and moduli of specimens were determined.
Results and Discussion
Fibre-Matrix Blends
To keep the flax fibre straight (twist-less) and aligned to the yarn axis in the hybrid yarn structure, the wrap spun yarn technique was used where the mean flax fibre inclination angle (θ mean = 0˚) was considered zero degree in this yarn. In twisted yarn structure, the θ mean was estimated 21˚ from Equation (4) [20] , and due to the fibre inclination, the optimum load transfer effect from matrix to the fibres could not be achieved [21] . 
where, r θ is the twist angle of fibres on twisted yarn, which was estimated to be 30˚.
To avoid fibre twist in new yarn structure, the flax and matrix fibres (PP and MAPP) were commingled by using 50/47% (flax/matrix fibre) weight ratios and extra 3% matrix continuous filaments of matrix fibres were wrapped in yarn production process to produce 50/50% weight ratios in the final yarn samples. The 50:50 weight fractions were selected to achieve the highest wettability of the flax fibres in composites [3] as higher amount of matrix fibres in yarn reduces the flax fibre-volume fraction in yarn, which can be explained by Equations (5) and (6) .
where, V f is the total fibre volume fraction of both fibres in yarn. B is the weight fraction.
For 50:50 weight ratio, B Flax + B Matrix fibres = 1, so that the total 3% of filaments in the yarns were used as the core blends of yarn (flax/matrix, 50/47% by wt) were fixed. It was also found by researchers that the filament turns/m influences the total matrix weight fraction in the yarn structure [18] . In this work, it was found that filament wrapping angle has influenced the yarn strength, where the average breaking loads of 19.5N with breaking extension of 5.5% were found for 44.6˚ wrapping angle. Lower yarn strength (10.5N) was found for the yarns produced using 32.4˚ angle. It was due to changing of filaments wrapping angle from 44.6˚ to 32.4˚ (Figure 3(a) ) made the yarns structurally weak resulting in the lower yarn strength as the number of turns/m was reduced. Therefore, filaments were wrapped at 44.6˚ angle from the yarn axis (Figure 3(b) ) to retain 50% flax weight fraction in both yarns, which was confirmed by matrix dissolution test. Journal of Textile Science and Technology On the other hand, longer flax fibres (mean fibre length: 90 mm) were selected to achieve better reinforcing effect of flax fibres in the matrix and to enhance the load transfer effect, which can be explained by the Equation (7).
where, E L is longitudinal tensile modulus of the composites, E Flax and E Matrix are the tensile moduli of flax and matrix, respectively. η l is called length efficiency factor of the flax fibres and η lθ is called fibre orientation factor which representing the flax alignment in the composite.
The fibre orientation factor and fibre length efficiency factor are interlaced in case of hybrid yarn processing. Good fibre orientation distribution in yarns structure is affected by the fibre-fibre cohesion between the flax and matrix fibres during commingling process and the optimum fibre alignment (θ mean = 0˚) could be achieved by aligning the long flax and matrix towards yarn axis. Optical microscopy showed that the flax fibres are mostly aligned/oriented towards the yarn axis or the machine direction (MD) (Figure 4 ). Figure 5 shows a selection of the cross-sectional micrograph of the flax/MAPP blends. The micrographs have been analysed using Image-J software to assess the blend quality and to calculate the flax fibre content in the blend/sliver made from flax/MAPP. Based on the nature of flax fibres that have irregular cross sections, the flax fibres are labelled as 'F' and the round cross-section (polypropylene) fibres as 'P'. Qualitatively it is found that the flax fibres are well blended with matrix polypropylene fibres in yarn produced ( Figure 5 ). Image analysis was carried out for the cross-section micrographs of the flax/MAPP blend ( Figure 5 ). The images selected ( Figures 5(a) -(c)) have the same frame size (143.71 μm × 107.78 μm). Based on the cross-sectional areas of both fibres (flax and polypropylene), the average of flax fibre volume fraction was calculated to be 39.21% ± 4.70% which is in good agreement with the theoretical value (38.56%). Table 2 gives the summary of image analysis results. Figure 6 shows the DSC thermograms of PP and MAPP fibres and summary of the results obtained are listed in Table 3 . It was found that the melting point is 164.5˚C, crystallinity of 52.5% for the neat PP fibres. The crystallinity of MAPP Journal of Textile Science and Technology is 51.8% which is slightly lower than PP, therefore, the melting temperature of MAPP is found to be slightly lower (161.9˚C) than the PP one. Figure 7 presents the TGA and DTA behaviour of both PP and MAPP matrix fibres. From the DTA curves (Figure 7(b) ), the endothermic peaks for both PP and MAPP fibres were found around 170˚C due to the melting of both polymers and no other peaks were observed up to 280˚C. As the melting is a phase change, no mass losses were observed before the melting points of the polymers but slightly higher mass loss was observed for MAPP fibres compared to PP fibre in the temperature range of 190˚C -270˚C (see Figure 7 (a)), which is confirmed that the MAPP fibres are slightly less thermally stable than PP to that temperature range. This is probably due to effect of anhydride group with PP polymer but after 270˚C, the % mass losses are same for both polymers. Journal of Textile Science and Technology The tensile properties of both PP and MAPP matrices without fibre reinforcement were found to be the same (Tensile strength 33.4 MPa and modulus 2.0 GPa). However, significant difference was also found for both polymers as the melt flow index (MFI) results showed that the MAPP has MFI of 67.8 g/10 min and 40.2 g/10 min for the standard PP (see Table 3 ). The lower melting and the higher MFI of MAPP compared to PP make the thermoplastic resin/matrix flows easily and diffuses well resulting in better wettability/impregnation of reinforcing fibres during the composite consolidation.
Effect of Maleic Anhydride in PP Matrix
In addition, rheological studies of both fibres (MAPP & PP) were carried out. Figure 8 shows the viscosity-shear rate curves for PP and MAPP resin fibres. It is clear that the shear viscosity of PP initially drops from 225 Pa.s and finally to 50.37 Pa.s within the applied range of shear rate (20 -2122 s −1 ). By comparing this for MAPP it is found that the viscosity drops from 185.40 Pa.s to 33.23 Pa.s within the same range of shear rate. Furthermore, the MAPP fibres exhibited better Newtonian's behaviour compared to standard PP. This implies that the use of MAPP fibres as composite matrix will be processed better than the standard PP, hence improved mechanical properties could be obtained for the composites produced with same consolidation profile.
Effect of MA in Composite Properties
By inspecting the composites made from both flax/PP and flax/MAPP blends, it is observed that the yarn structures were disappeared and the footprint of wrapping filaments was also not found on the panel's surface. The PP fibres in the yarn core (blended with flax) and filament wrappers on the yarn surface were fully melted during consolidation. were not fully consolidated resulting in lower flexural modulus of all laminates (Figure 9 ). At higher temperature (230˚C), the flexural moduli were also lower for all laminates (Figure 9 ) due to thermal degradation of the natural fibres [2] [3] . It was also seen that the flexural modulus of MAPP composites produced at 230˚C are 8% -9% lower (Figure 9 ) compared to those values are found for the laminates produced at 185˚C. This is probably due to the thermal degradation of the MAPP fibres compared to PP at that temperature as found from their TGA curves (Figure 7(a) ). Therefore, optimum-processing temperature for composite fabrication was set up at 185˚C to obtained better mechanical properties of the laminates. The tensile and flexural tests have been carried out for the composite samples produced by using optimised moulding conditions at 185˚C for 5 min moulding time and the summary of the results obtained for both UD yarn and yarn woven fabric composites are presented in Figure 10 . It was found that the mean tensile strength was determined to be 121 MPa and 140. (8) and (9) .
( )
where, C σ = tensile strength of composite; F σ = tensile strength of fibres; The theoretical tensile strength and Young's modulus of the yarn unidirectional composites were 209.4 MPa and 23.52 GPa. The measured tensile strength was found to be 40% lower for PP matrix and 30% lower for MAPP matrix for UD composites respectively (Table 4) . Similarly, the measured Young's modulus were found to be 31% and 17% lower for PP and MAPP matrix UD composites, respectively ( Table 4 ). The flax/MAPP composite exhibited 3.2% and 3.3% void contents compared to the flax/PP panels which showed higher void contents 6.2% and 8.1% (Table 1) . Better mechanical properties of MAPP matrix composites were obtained due to the improved impregnation of flax by molten polymer in composites, which is confirmed by the SEM images in Figure 11 . The SEM micrographs on the fracture face the samples (Figure 11 ) also showed a considerable matrix flow around the flax fibres in the case of flax/MAPP composites, where the flax fibres were better covered by the molten matrix compared to standard PP matrix.
To study the influence of maleic-anhydride grafted PP (MAPP) on the mechanical performance of flax/PP composites, the mechanical properties of composites samples were compared. Because the flax fibre contains functional hydroxyl groups that are able to interact chemically with the MAPP [17] , the Journal of Textile Science and Technology UD composites made from MAPP fibres it is found that both tensile and flexural strengths have increased by 16.0% (Figure 12(a) ). Also, the significant improvements were found in their moduli, where both tensile and flexural moduli have increased by 23% for flax/MAPP compared to flax/PP composite specimens (Figure 12(b) ). Similar trends were also seen for the flax/MAPP yarn woven composite compared to flax/PP yarn woven fabric composites (Figure 12 (a), Figure 12(b) ). As the fibre length and volume % of flax in both composites are same, the significant improvement in flax/MAPP composites was due to improved interfacial strength between the flax fibre and MA grafted PP. With respect to the high MFI value of MAPP, higher wettability of the flax fibres was also achieved during the moulding process, resulted in lower voids in the flax/MAPP composites compared to flax/PP composites. Moreover, the hydroxyl groups (-OH) of flax fibres have also contributed to improve fibre-matrix interface with MA grafted PP that enhanced the stiffness property of Flax/MAPP composites.
Conclusion
This work suggested that melaic anhydride grafted PP (MAPP) staple fibres can be used as viable and cost-effective alternative method of matrix fibre to improve the mechanical properties of natural fibre thermoplastic composites. The MAPP matrix staple fibres can be used in twist-less commingled yarn structures, blended with flax and other natural fibres. From the rheological studies, it is found that the MAPP fibre has higher melt flow rate and lower share viscosity resulting in flax/MAPP composites of enhanced mechanical properties compared to flax/standard PP composites. Modulus and strength of flax/MAPP composite improved by 25% and 15% compared to those manufactured from flax/PP blend.
